Introduction
Amphiphilicity is one of the main driving forces for self-assembly. Molecules containing both polar and apolar elements tend to minimize unfavourable interactions with the aqueous environment via an aggregation process, in which the hydrophilic domains become exposed and the hydrophobic moieties remain shielded. Based on parameters such as amphiphile geometry and concentration a variety of assemblies can be formed, from micellar aggregates to bilayer structures such as vesicles. Common amphiphiles are single chain surfactants such as fatty acids, and dialkylated species such as phospholipids, the latter being the main constituents of for instance cell membranes. However, amphiphilic behaviour is also quite regularly observed in proteins and peptides. There is often a clear relationship between the amphiphilic character of a protein or peptide and its function. Most of the time amphiphilic peptides display their activity at the cell membrane interface, either in a constructive way, e.g. by cell signal transduction or in a more detrimental way by destroying the integrity of the cell membrane. The self-assembling properties induced by the amphiphilic character are therefore mandatory to create functionality. The interplay between structural organisation and biological activity has intrigued many researchers in the field of bio-organic and supramolecular chemistry for quite some time already. Recently, however, the research area of peptide amphiphiles has experienced a strong increase in activity, many new structures have been synthesised and their structural and functional features explored. Incorporation of chemical and biochemical functionality into amphiphilic peptides has led to the development of new surfactants with unprecedented properties leading to novel applications in the fields of materials and biomedical research. 1 In this review paper we constrain ourselves to three categories of amphiphilic peptides, i.e. 1) true peptide amphiphiles consisting solely of (natural) amino acids, 2) peptides containing non-amino acid hydrophobic elements by connecting one or more long alkyl chains or phospholipids to a peptide sequence, 3) peptide based block copolymers, i.e. polymers constructed entirely from amino acids, as well as hybrid systems combining polypeptides with synthetic polymers. The major recent developments in all three categories will be discussed, with an emphasis on structureproperty relationships. Self-assembling peptides, whose behaviour cannot merely be attributed to amphiphilicity, 2 are beyond the scope of this review. Also membrane proteins will not be discussed as they constitute a whole category of amphipathic structures that deserve a review of their own.
All-amino acid peptide amphiphiles
Peptides (and proteins) performing a specific task in biological membranes, such as pore formation, membrane fusion or signal transduction, need to be amphiphilic, reflecting the nature of the environment they reside in. An important class of amphiphilic peptides, solely constituted of amino acids, is organized in so-called amphipathic sequences, which means they are comprised of both hydrophobic and hydrophilic domains when the peptide is appropriately folded. To allow the apolar moieties to interact with the membrane interior and to expose the polar residues to the aqueous environment, the peptides fold into helices and sheets. Furthermore, it is often observed that amphiphilic peptides selfassemble in a lipid bilayer to further optimize their interaction with the surroundings. A number of toxins like magainins 3 and antibiotics such as Gramicidin S 4 belong to this class of peptide amphiphiles, and act by forming pores in the membranes they associate with. Rapid, peptide-induced membrane permeabilization is an effective mechanism of antimicrobial action, but unfortunately most of the natural amphiphilic peptides do not possess properties compatible with use as antibiotics, e.g. due to their indiscriminate toxicity. Therefore, a lot of research has focused on the design of all-amino acid based amphiphilic model compounds to obtain a better understanding of their assembly behaviour and their interaction with membranes. This could lead eventually to the discovery of compounds with improved therapeutic properties, which can be used as potent or broad-spectrum antibiotics. These often artificial model peptides can be divided into two types. The first class is comprised of peptides with a linear stretch of hydrophobic residues coupled to a number of polar amino acids that constitute the head group of the peptide amphiphile. The second class consists of structures with alternating polar and apolar residues. It will not be surprising that the properties and modes of interaction with membranes of these two types of amphiphiles differ considerably.
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Examples of amphiphilic peptides of the first class are rather limited. Vankann et al. 5 have investigated how amphiphilic peptides like Leu 12 -Glu 3 , Leu 8 -Lys 5 -Tyr and Fmoc-Leu 8 -Lys 5 -Tyr behave at the air-water interface and how these peptides integrate into a lipid bilayer. It was found that these compounds, once spread at the air-water interface, exhibited an a-helix fold. Upon compression the molecules 'stood up', by lifting the apolar oligoleucine tail out of the water layer, and transformed into extended b-sheets, which probably provide improved intermolecular interactions for these compounds. Incorporated into liposomes these peptides all displayed small or non-residual ahelical content compared to when in solution. This is probably due to the fact that the leucine chains prefer to adopt conformations which correspond best to the length of the lipid bilayer. For the short peptides it was necessary that the leucine fragment was stretched to match the amphiphiles that constitute the bilayer, thereby adopting a b-sheet conformation. This exemplifies that the fold of a peptide is not only determined by the peptide sequence, but also by its environment.
Zhang and co-workers 6 have studied both cationic and anionic peptide amphiphiles. These peptides were designed to mimic the properties of polymeric and lipid surfactant molecules. The head group of the peptide amphiphiles was composed of either one or two basic amino acids, like lysine and histidine, or one or two aspartic acids. The hydrophobic tail consisted of six identical hydrophobic amino acids, alanine, valine or leucine in order of increased size of the side chain. Both the cationic and anionic amphiphiles self-assembled into tubular morphologies. Interestingly, the folding of the anionic peptide amphiphiles in the aggregates did not seem to resemble either b-sheet or a-helix as often found in these types of structures, but were proposed to display an unusual chirality of a yet unknown nature. For the cationic systems above the pI of the head groups the tubes collapsed into membraneous sheets, no longer producing well defined nanostructures. The anionic systems have only been studied at neutral pH, at which they possess a charged head group.
Amphiphilic peptides comprised of alternating hydrophobic and hydrophilic moieties have recently been studied extensively.
Rapaport et al. 7 have investigated the properties of Pro-Glu-(PheGlu) n -Pro (n = 4, 5 or 7) monolayers at the air-water interface. The alternating hydrophobic phenylalanines and the hydrophilic glutamic acid residues caused the peptide chains to orient parallel to the water surface. Grazing-incidence X-ray diffraction (GIXD) gave evidence of the formation of b-sheet structures between the individual peptide amphiphiles, as is shown schematically in Figs. 1b and c. From the longer peptides the smallest crystalline domains were obtained, which could arise from defects in the stacking of the sheets, in part due to an increased flexibility of the longer chains. It is noteworthy that the terminal prolines turned out to be crucial in obtaining highly ordered structures, suggesting that the selfassembly process could be designed by alterations in the peptide sequence. Without the prolines less ordered structures were obtained like those depicted schematically in Fig. 1a .
Similarly, Powers et al. 8 have investigated two peptides of 14 and 18 residues respectively (Fig. 2) . Both have a D-Pro-Gly dyad in the middle of two sequences that consist of alternating hydrophobic and hydrophilic amino acids. While D-Pro-Gly favours a b-turn and the alternating sequences are prone to b-sheet formation, it was likely that b-hairpin structures at the air-water interface would be formed. Monolayers of the peptide amphiphiles were transferred to freshly cleaved mica to afford single layer Langmuir-Blodgett films. These layers were examined, using atomic force microscopy, which yielded images of crystalline domains and substructures that directly correlate with dimensions of the peptide amphiphiles, in agreement with the proposed formation of laterally stacked b-hairpins, as can be seen in Fig.  3 .
The above mentioned ideas were elaborated by Xu et al. 9 who prepared small proteins designed to form six b-strands, each one consisting of seven alternating polar and non-polar residues, which were connected by four amino acids to induce reverse turns. In this case b-sheet monolayers were formed. It was furthermore concluded that for such larger designed sequences the primary sequence can be less specific, allowing a wide variety of amino acid combinations to be assembled into similar structures, as long as they contain stretches of alternating hydrophobic and hydrophilic residues. Fig. 4 shows molecular models of the postulated structures that were observed. Amphiphilic peptides with alternating polar and apolar residues have not only been used to study assembly at the air-water interface or in liposomes. Schneider et al. 10 have designed an all-amino acid amphiphile for aggregation into solution, leading to hydrogel formation. A b-hairpin was constructed in a similar fashion as described by Powers et al. by introduction of a b-turn stabilizing DPro-L-Pro dyad in the middle of eight repeats of Val-Lys. Under basic conditions the b-hairpin conformation was readily adopted, leading to one face of the hairpin lined with hydrophobic valine moieties and the other face with hydrophilic lysines. The resulting peptide amphiphile gave rise to an intermolecular assembly into stable hydrogels. Lowering the pH introduced cationic charges onto the lysine side chains and subsequent repulsion led to disappearance of the hydrogel properties. This behaviour proved to be fully reversible, resulting in a stimulus responsive material.
Finally, Epand et al. 11 compared the remarkably different properties of two analogous alternating peptides: Ac-(LeuLysLysLeu) 5 -NHEt and Ac-(LysLeu) 10 -NHEt. First of all Ac-(LeuLysLysLeu) 5 -NHEt formed an a-helix in the presence of negatively charged lipids, while the other peptide adopted a b-sheetlike structure under all conditions studied. Moreover, the lytic activity of Ac-(LeuLysLysLeu) 5 -NHEt towards zwitterionic liposomes was found to be significantly higher than that of Ac-(LysLeu) 10 -NHEt. However, these activities do not correlate with their haemolytic behaviour or antimicrobial activity, suggesting more complex mechanisms to be involved in these situations.
Within the collection of all-amino acid amphiphilic compounds, a distinct group of alternating-residue peptides is constituted by cyclic peptides, as developed by the group of Ghadiri. 12 It was found that cyclic peptides with an even number of alternating Dand L-amino acids could adopt flat ring-shaped structures, with the amide bonds perpendicular to the plane of the ring. Within an environment that promotes hydrogen bond interactions, these rings could self-assemble into stacks leading to the formation of b-sheetlike tubular structures, as is shown in Fig. 5 . With a hydrophobic exterior and a hydrophilic interior these architectures could insert into bilayer membranes introducing pores (Fig. 6 ). Varying the number of amino acid residues and, hence, the ring size, modulated the porosity, as the smaller 8-residue rings only transport small ions while the larger 10-membered rings could also transport compounds like glucose and glutamic acid. The membrane targeting activity of these systems has been exploited in the development of new antibacterial agents. 13 
Lipidated peptides: single alkyl chains
The second category of peptide amphiphiles discussed in this review is constituted by hydrophilic amino acid sequences coupled to hydrophobic alkyl chains. In nature lipidated proteins such as members of the Src (tyrosine kinases) and Ras (guanine nucleotide binding proteins) families play important roles controlling biological signal transduction pathways. 14 The lipid groups, a diversity of alkyl chains, are believed to be involved in protein-protein and protein-lipid interactions and serve as anchors to biomembranes. In addition, N-terminally alkylated peptides are also commonly found in nature, such as the marine siderophores, 15 which are known to bind iron (Fig. 7) . Intriguingly, these amphiphiles self-assemble into micelles, which transform into vesicles in the presence of Fe(III) ions. Another example are peptaibols, membrane active metabolites of fungal origin, constructed from peptides Nterminally modified with lipophilic octanoyl and decanoyl moieties, which are now under investigation for their possible antitumour activity. 16 In this category of naturally occurring lipopeptides a special group worth mentioning are those with cyclic peptide head groups such as the surfactins. 17 These bacterial cyclic peptide amphiphiles are well known for their exceptional surfactant power, capable of drastically lowering the surface tension of water at low concentrations. Investigations into their properties and biochemical actions have shown that these biosurfactants also possess antibacterial, antiviral, anti-tumoural and even hypocholesterolemic properties, and might possibly lead to a new class of therapeutics.
The most widely studied class of synthetic peptide amphiphiles consists of compounds that incorporate one or two lipid alkyl tails, usually, by acylation of the N-terminus. The groups of Fields and Tirrell have investigated peptides connected to monoalkyl hydrocarbon chains. 18, 19 They have shown that N-acylation of a peptide with a hydrophobic moiety can be used to induce protein-like structures. A 16-residue peptide, derived from a model peptide for a-helices that dimerizes to form a distinct structure at a chain length of 23 amino acid residues, did not form any distinct structure in solution. However, once connected to a C 6 or C 16 alkyl chain an ahelical structure was adopted, as was evidenced by CD and NMR spectroscopy (see Table 1 ). The longer C 16 modified peptide had a higher thermal stability compared with the C 6 analogue, with ahelix to coil transitions of 65 and 46 °C respectively, which could be correlated to the extent of aggregation. This stabilization was also shown with a 39-residue peptide (Table 1) , derived from type IV collagen which is prone to form triple-helix assemblies. Remarkably, N-acylation with hexanoic acid already improved the stability of the triple helices, and with increasing alkyl chain lengths even higher thermal stability of the structures was obtained. This enhancement may partly be due to the observed increase of the aggregate size. It was also found that simple alkylation of peptides like (Gly) n (n = 1-5) with a C 18 alkyl chain resulted in the formation of helical structures, which the peptides would not form otherwise. The stabilizing effect on peptide secondary structure by the attachment of hydrophobic alkyl chains to peptides seems to be a more general phenomenon, and might be utilized for studying the mechanisms of peptide folding and for the formation of more complex protein-like structures and peptide-based assemblies. Hartgerink et al. 20 exploited the typical self-assembly of single alkyl chain containing peptide amphiphiles for the preparation of tailor-made nanostructured composite materials suited for controlled biomineralization. The designed peptide was built up out of five different regions, each with its specific functionality, as depicted in Fig. 8: 1) The alkyl chain was incorporated for conveying hydrophobic character to the molecule, promoting selfassembly.
2) The cysteines were introduced to be able to stabilize the aggregates, once they were formed, by means of polymerization.
3) The glycines inferred some flexibility between the crosslinked area and the hydrophilic head group. 4) The phosphorylated serine could interact strongly with calcium ions to direct mineralization and finally 5) an RGD sequence was attached as a cell adhesion ligand. This design allowed the fibres to be susceptible to pH-dependent cross-linking. At a pH of 8, and with all cysteines reduced, the peptide amphiphiles were highly soluble. Upon acidification the compound became insoluble and formed a network of fibres. This process was found to be reversible. The fibres could be stabilized by formation of disulfide bonds through oxidation, after which mineralization of hydroxyapatite was directed by the obtained structure, forming a composite material with an alignment that is also observed between collagen fibrils and hydroxyapatite in bone. This highly dynamic amphiphilic peptide system which may be also covalently captured, might prove to be an ideal scaffold for a plethora of biomineralization and tissue engineering applications.
Much research has focused on the attachment of n-alkyl chains to peptides. Alternatively, the group of Peterson has reported the synthesis of peptides capped with N-cholesterylglycine (Fig. 9) , inspired by protein toxins such as shiga toxin and cholera toxin. 21 The lipophilic cholesteryl moiety anchors the peptides stably into membranes of living cells, exposing the peptides as receptors onto the membrane surface. Binding of cognate proteins to these membrane-anchored peptides triggers chlathrin-mediated endocytosis of the ligand-protein complex. It is suggested that this strategy might enable the delivery of lethal proteins into tumour cells and could also be applicable for the delivery of other biomacromolecules.
Huo et al. have incorporated N-acylated peptide lipids into a Langmuir monolayer to form receptors for both sugars 22 and metal ions. 23 The dynamic character of such monolayers was exploited to create dynamic combinatorial libraries of receptors that displayed substrate specificity. Langmuir monolayers made of peptide libraries (stearoyl-modified tri-and hexapeptides, see Table 2) were constructed and their surface behaviour was studied on an aqueous subphase, containing different solutes. The authors claimed that the peptide lipids self-assemble at the air-water interface to form protein-like supramolecular structures capable of selectively recognizing specific ligands, as is depicted schematically in Fig. 10 . In a second study 23 the ability of similar peptide lipids to form complexes with metal ions like Cu 2+ and Zn 2+ was investigated. In this case binding performance was not affected by going from single peptide lipids to a mixture. However, hard metal ions, like K + and Mg 2+ , clearly exhibited different binding activity than borderline and soft ions. Furthermore, based on fluorescent probe studies, differences were found between Cu 2+ and Zn 2+ containing subphases. The authors suggest that these differences are to be assigned to a different mode of binding of the ions, leading to altered folding and thus assembly of the peptides in the monolayer. Both studies might well prove to be a starting point of a novel approach in the design of receptor molecules, coined combinatorial surface chemistry, to yield unprecedented proteinlike supramolecular structures.
These ideas have recently been extended into three dimensions, with the preparation of liposomes with glucose binding sites by means of molecular imprinting. 24 A mixture of three amphiphilic dipeptides (Glu-Glu, Asn-Glu and Gln-Glu, all esterified with hexadecanol at both carboxylic acids of the C-terminal glutamic acid) were prepared and incorporated into dipalmitoylphosphatidylcholine (DPPC) liposomes. The binding sites were created by mixing the liposomes with glucose above the liposomal phase transition temperature and subsequently freezing in the obtained structures by lowering the temperature below the transition point. Surface plasmon resonance measurements revealed that only imprinted liposomes containing all three types of peptide amphiphiles were able to bind glucose. It will be interesting to see whether this technique might also be employed for the recognition of more complicated structures like oligopeptides, proteins and cell-surfaces. The resulting materials might be employed to e.g. create novel sensing devices, biomaterials or drug delivery systems. 25 
Lipidated peptides: multiple alkyl chains
With the above mentioned doubly alkylated dipeptides of Seong et al. 24 we arrive at a second class of lipidated peptides, that has been pioneered by Kunitake 26 and Ringsdorf 27, 28 The introduction of double or triple chain alkyl moieties to the N-or C terminus of peptides resulted in amphiphiles with increased hydrophobicity. Kunitake has employed this type of peptide amphiphiles for interfacial molecular recognition purposes. Dipeptides provided with N-terminal double-chain hydrophobic moieties were shown to interact selectively with water-soluble dipeptides at the air-water interface. Fig. 11 shows proposed modes of binding. Key factors for binding are not only the amenability of the host and guests to form hydrogen bonds, but also steric aspects and placement of the amino acid (hydrophobic) side chains were crucial determinants for the formation of non-covalent assemblies. When mixtures of amphiphiles with a different peptide head group were utilized, a redistribution of monolayer components was observed upon interaction with guest molecules. The dynamic nature of the interacting elements allows for an induced-fit mechanism, to create a binding site appropriate for the guest molecule. The advantage of such a flexible system is of course that it is able to adapt to a variety of guest molecules, however, if selectivity is desired and needs to be maintained, a means of capturing the obtained dynamic receptor sites would be required.
An interesting variation has been reported by Neumann et al. 27 Cysteine and homo-cysteine, of which the side chains were modified with a dialkylated moiety were used for the preparation of vesicles. Treatment of these aggregates with water-soluble carbodiimides induced oligomerization of the amino acids to obtain peptide amphiphiles, as is shown in Fig. 12 . Surprisingly, the very low permeability of the amino acid vesicles increased upon polymerization, contrary to what is usually found upon polymerization of vesicles.
Tirrell and Fields 29 have investigated the construction of biologically active protein-like structures, based on collagen-like peptide amphiphiles (entry 12, Table 1 ). These structures were prepared in their entirety on the solid phase and were designed to entail four building blocks: two hydrophobic alkyl tails, introduced by esterification of both carboxylic acids of a N-terminal glutamic acid residue, a succinic acid spacer and a collagen model peptide head group incorporating a cell binding sequence. These structures self-assembled in water into highly ordered collagen type II-like triple helical structures. The hydrophobic moiety directed and stabilized the formation of the triple helix. The difference in denaturing temperatures of the peptide structures modified with one or two C 12 alkyl chains was about 15-20 °C. However, in order for monolayers of these amphiphiles to be able to serve as a template for cell adhesion it was found that the peptide amphiphiles needed to be placed in a matrix of non-functionalized lipid. Probably, once transferred to a surface the molecular packing plays an important role in cell interactions.
Another functional peptide sequence that has been combined with a double alkyl hydrophobic moiety is the Arg-Gly-Asp (RGD) sequence. This so-called universal recognition site has been shown to mediate the interaction of the extracellular matrix with a variety of proteins involved in endothelial cell binding processes. Yagi et al. 30 have prepared liposomes whose surface is modified with peptides containing a five-time repeat of the GRGDS sequence ( Fig. 13) , as found in the cell adhesion sequence of fibronectin. The peptide was lipidated by incorporation at the N-terminus of an aspartic acid residue modified with two C 16 alkyl chains. The availability of the peptides on the surface was confirmed using immuno-electron microscopy, employing a specific antibody to the peptide that could be visualized with gold colloids. The liposomes were shown to bind mouse fibroblast cells. The association takes place through interaction of the exposed peptide and the corresponding cell surface receptor. Most approaches to display RGD-containing peptides immobilize the peptide by covalently linking it through the Nterminus, leaving the carboxy-terminus free. It is a well-known fact, however, that the RGD sequence exists in a conformationally constrained loop in proteins such as fibronectin. It has been demonstrated that cyclic peptides which contain the RGD sequence can display higher affinities than their unconstrained linear counterparts. Pakalns et al. 31 have shown that the same conformational constraint can be obtained by attaching doubly alkylated glutamic acid derivatives to both the N-and C-terminus to afford a compound as is depicted in Fig. 14 . These peptide amphiphiles were utilized to prepare self-assembled monolayers which could be deposited as Langmuir-Blodgett films on a surface. On these surfaces functionalized with looped RGD amphiphiles, melanoma cells were able to spread in a concentration dependent manner.
A similar approach has been followed to enhance the activity of the RGD sequence towards integrin receptors. Marchi-Artzner et al. 32 have attached a cyclized RGD containing pentapeptide to lipid alkyl chains connected through a short ethylene glycol spacer, shown in Fig. 15 . A supported membrane containing these amphiphiles selectively adhered to endothelial cells of the human umbilical cord. Moreover, giant vesicles functionalized with cyclic RGD peptides adhered to the same endothelial cells (Fig. 16) , a process that could be inhibited by adding the corresponding soluble peptide. This suggests a specific interaction between the bilayer anchored peptide and the integrin receptors of the cells. Recently, in a similar approach the group of Robinson has displayed the NPNArepeat motif from the CS-protein of the Malaria parasite, Plasmodium falciparum, on the surface of immuno-reconstituted influenza virosomes, in structure very similar to liposomes. 33 
Fig. 12
Amphiphilic amino acids and their condensation polymerization aggregated in bilayers. Fig. 13 A lipopeptide that has a five-times repeated GRGDS sequence, which is the same as the cell adhesion sequence of fibronectin. From the above mentioned examples it is clear that the introduction of hydrophobic double alkyl chains affects the folding and assembly of the peptide parts. In line with recent work of Stupp and co-workers, 20 Ihara et al. 34 have shown as early as the mideighties that peptide amphiphiles are able to form molecular assemblies, going from globular structures, to at that time unusual morphologies. Within a few hours, initial globular aggregates of peptide amphiphiles with poly-aspartic acid head groups converted to fibrous aggregates that finally produced twisted ribbon like structures. The authors believe this to be a stepwise process as is shown schematically in Fig. 17 . With the renewed attention to peptide amphiphiles and their aggregates it will be interesting to see what factors determine the morphology of the aggregates and whether the outcome can truly be designed. An important question that remains to be answered is how the secondary structure of the peptide influences the aggregation behaviour and vice versa.
Recently, Löwik et al. 35 have demonstrated that a short peptide can be anchored into liposomes by attaching single C 18 alkyl chains to both the N-and C-terminus. Such peptides were easily prepared using an entirely solid phase strategy, commencing with an aldehyde functionalized resin that was reductively aminated with the appropriate alkyl amine. This generic strategy allows for the easy preparation of amphiphilic peptides regardless of their amino acid sequence. Anchoring such N-and C-terminally modified peptides into a lipid bilayer had a strong influence on their folding behaviour. To demonstrate the conformational effects of alkylating both N-and C-termini a sequence derived from the CS protein of the malaria parasite Plasmodium falciparum was chosen, based on the above mentioned work by Robinson et al. 33 Within the natural protein this Asn-Pro-Asn-Ala repeat is known to adopt a b-turn. Both the unmodified peptide in solution and the analogous peptide with only one alkyl chain inserted into DSPC liposomes showed random coil folding characteristics. However, when the doubly functionalized peptide was anchored into liposomes the peptide folded into a b-hairpin, as is shown in Fig. 18 . It is proposed that this simple approach will be a convenient way for stabilizing a variety of peptides into their preferred secondary folds on a lipid bilayer and might well be employed in the presentation of multiple (hairpin) epitopes. Aggregation behaviour can be modulated if a charged group is introduced at the end of one of the terminal alkyl chains, as devised by Ariga et al. (Fig. 19) . 36 Now, an ammonium group was the hydrophilic head group of the amphiphilic molecules and the peptide part formed an integral part of the bilayer structure upon aggregation. The peptides assembled into parallel b-sheets as directed by the position of the amphiphilic components. Antiparallel b-sheets were also accessible by mixing in another tripeptide with the charged head group on the opposite side, thereby, reversing its direction as directed by the electrostatics. Furthermore, the assembly process was highly influenced by the polarity of the solvents the compounds were dispersed in, as depicted in Fig. 20 . Going from water to CCl 4 inverted aggregates were observed with different properties due to the position of the charged groups in the bilayers. Interestingly, all supramolecular assemblies had very similar internal structure but displayed pronouncedly different morphologies. In this case the assembly history was a key determining factor in the outcome of the aggregation process.
As an alternative to attaching alkyl chains to either the N-or Cterminus, peptide side chains may also be lipidated. For example, hemagglutinin, a glycoprotein from influenza virus A, contains Spalmitoylated cysteines next to its transmembrane region (Fig. 21) . The lipid moieties are thought to be important during budding and fusion processes. In view of this Eisele et al. 37 prepared peptide fragments from hemagglutinin lipidated at the cysteines. They developed a synthetic strategy for this purpose, introducing a new para-phenylacetoxybenzyloxycarbonyl (PAOB) protective group that can be removed under very mild conditions with an enzyme. It was shown that one alkyl group is not sufficient to completely anchor the peptide into a membrane and prevent it from hopping from one liposome to another.
Peptide-based block copolymers
In the previous paragraphs amphiphile assembly mainly was investigated in relation to biological activity. In some cases, emphasis of research was directed specifically to exploit the aggregation behaviour of amphiphilic peptides as a versatile method for the construction of self-assembled nanometre-sized objects. This application is even more relevant for a special class of peptide amphiphiles, in which both hydrophobic and hydrophilic domains are built up of polymers, polypeptides or even proteins. With the recent interest in nano-scale structures, and the further development of synthetic and supramolecular strategies, peptidebased amphiphilic block copolymers have become available as larger sized building blocks for self-assembled materials. Allpolypeptide based amphiphiles were studied by Conticello et al. based on elastin derived block copolymers. 38 Elastin like polypeptides such as [(Val/Ile)-Pro-Gly-Xxx-Gly] n display temperature dependent phase behaviour, possessing a so-called lower critical solution temperature (LCST) above which the polypeptide changes shape from random coil to b-spiral conformation, with a concomitant change from hydrophilic to hydrophobic character. The position of this transition is determined by the polarity of the Xxx residue. Consequently, in a genetic engineering strategy a perfectly defined copolymer was prepared containing a hydrophilic [ValPro-Gly-Glu-Gly-(Ile-Pro-Gly-Ala-Gly) 4 ] 14 block connected to a lipophilic [Val-Pro-Gly-Phe-Gly-(Ile-Pro-Gly-Val-Gly) 4 ] 16 block. The entire structure was amphiphilic as the first block was below its transition temperature in contrast to the latter block which was above its LCST. This amphiphilic artificial protein was shown to form micelles and cylindrical micelles, and was responsive towards changes in pH and temperature. Interestingly, all these selfassembly processes are reversible. The elastin-mimetic materials, which seem biocompatible and possess tuneable properties, are under investigation as candidates for drug delivery and release applications.
A second approach that yields all peptide block copolymers has been developed by Deming, in order to obtain materials that might be used in the development of drug delivery systems. 39 Traditionally amino acid polymers are conveniently prepared by Ncarboxyanhydride (NCA) polymerizations initiated by primary amines or alkoxides, however without much control over molecular weight distribution and polymer architecture. More recently, to improve control over the growing polymer chain ends during polymerization, transition metal catalysis has been employed in NCA polymerizations. Nickel and cobalt initiators have been developed that allow for the living polymerization of NCAs to produce polypeptides with narrow molecular weight distributions and controlled molecular weights. Furthermore, by the subsequent addition of different NCA monomers it was possible to generate block copolypeptides of defined composition and with different polarities of the blocks. The appropriate choice of amino acid monomers will therefore lead to polypeptides that can assemble into ordered nanostructures that might be able to bind and encapsulate drugs. Nowak et al. 40 have, for example, prepared block-copolypeptides with polylysine or polyglutamic acid domains, highly charged polyelectrolytes at neutral pH that dissolve readily in water, combined with hydrophobic domains that can adopt regular conformations and aggregate in water, namely rodlike a-helices for polyleucine and crystalline b-sheets for polyvaline. Many of these diblock amphiphiles were found to form rigid hydrogels during attempts to dissolve them in water.
Moreover, NCA chemistry can be utilized to produce polypeptide-(non-polypeptide) block copolymers if an amino functionalized synthetic polymer is used as initiator. In this manner di-and triblock polypeptide-polymer hybrids such as polybutadiene-bpoly(L-glutamic acid) and poly-(g-benzyl-L-glutamate)-b-poly(ethylene glycol)-b-poly-(g-benzyl-L-glutamate) have been prepared and extensively studied by Klok and co-workers 41 and were shown to form well defined vesicular structures in water. For example, the diblock polymer was prepared by successive anionic polymerization of butadiene followed by an N-carboxyanhydride ring-opening polymerization to yield the polypeptide. The critical aggregation concentration was determined to be 10 26 M, typical for such an amphiphilic block copolymer. As for poly(L-glutamic acid) homopolymers, a pH dependent folding of the peptide block was found, going from a-helical at pH 4.5 to random coil at pH 11.5, as evidenced by circular dichroism spectroscopy. The structural changes were also reflected in the size of the aggregates, increasing with 50%, as the polypeptide conformation changed from a compact a-helical structure to a more extended random coil.
Recently, a novel alternative strategy has been presented to prepare peptide-polymer conjugates. 42 On a solid support first a peptide was synthesized by standard solid phase peptide chemistry from which nitroxide-mediated living free radical polymerizations were initiated to yield a structure as shown in Fig. 22 . The entire solid phase approach allows for the preparation of peptide-polymer hybrids, not hampered by separate preparation and coupling of either segment and circumventing solubility issues when combining peptides and synthetic polymers. From such materials it is expected that new biocompatible materials will emerge with highly tuneable properties.
Combining synthetic polymers as hydrophobic tails with an enzyme as head group has led to the development of a new class of amphiphilic molecules, also denoted as giant amphiphiles (Fig.  23) . 43 Lipase B from Candida antarctica, was employed as the head group. This protein was coupled to maleimide functionalized polystyrene, after reduction of a surface exposed disulfide bridge. Remarkably, these superamphiphiles self-assembled in a comparable manner to their low-molecular weight counterparts. It was proposed that the fibres the amphiphiles aggregated into, were composed of micellar rods with a hydrophobic polystyrene interior and protein exposed to the aqueous exterior. Whether the aggregation affects the folding of the protein, as is seen often with low molecular weight peptide amphiphiles, was not reported. However, it was found that the catalytic activity of the enzyme was reduced 15-fold, which was ascribed to a destabilizing effect of the hydrophobic polystyrene tail on the active conformation and a possible lower accessibility of the active site.
Distinctly, an even more artificial system was developed by Cornelissen et al. combining a polystyrene tail with a dipeptidebased polyisocyanide head group (Figs. 24 and 25) . 44 Amine functionalized polystyrene, obtained via anionic polymerization to afford a low polydispersity, was used to initiate the polymerization of dipeptide derived isocyanides. The polyisocyanide fragment displayed a helical structure, also observed in other polyisocyanides. Upon optimizing pH, these block copolymers also formed micellar rods, now, consisting of a polystyrene core and polyisocyanide corona. It was found that upon adjusting the length of the polyisocyanide block from 20 to 10 monomer units, the morphology changed to bilayer-type structures and super-helices. It will be interesting to see whether the mechanisms by which these higher-order structures form are similar to those of their small molecule analogues. 
Concluding remarks
Although amphiphilic peptides have been a source of inspiration for chemists for considerable amount of time, quite recently the activities within this area have been intensified considerably. The availability of new synthetic methodologies that offer the opportunity to quickly prepare a wide variety of well-defined peptides and their derivatives as well as improved insights in the usefulness of peptide assembly, from both a biomedical and a materials point of view, can be regarded as two developments that partly explain this increased interest. The current research activities have already led to an improved understanding of the design criteria that govern assembly processes in amphiphilic peptides. Due to the complexity of these processes however, there is still room for improvement and, definitely, more research will be required to gain more insight into the way aggregation and peptide secondary structure influence each other, two important factors in the properties of the structures that might be obtained. Remarkably, a lot of the synthetic peptide amphiphiles that have been explored with very interesting properties, although often bio-inspired, do not seem to have an equivalent in nature. The foresight of constructing tailor made self-assembling peptides, with high levels of structural and functional control has such a high potential in especially biomedical applications that activities can be expected to continue or even expand, leading to many more exciting examples of amphiphilic peptide architectures. 
